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There is a growing quest for the construction of functional supramolecular architectures to
efficiently translate (bio)chemical events into easily measurable signals. This interest originates from
its inherent scientific relevance as well as from their potential applications in the ever-flourishing
areas of bioelectronics and biosensing. Herein, we describe the immobilization of glycoproteins
onto electrode surfaces based on recognition-mediated supramolecular processes. Quartz crystal
microbalance with dissipation (QCM-D), surface plasmon resonance (SPR) spectroscopy, and
electrochemical (EC) measurements were used to characterize the structural and functional features
of these bio-supramolecular systems. Carbohydrate-lectin interactions were successfully used to
build up stable assemblies of glucose oxidase (GOx) layers mediated by the recognition properties
of concanavalin A supramolecular architectures. The catalytic response of GOx indicates that the
whole population of enzymes incorporated in the supramolecular architecture is fully active. Even
though lectin—carbohydrate interactions are rather weak, the multivalency effects prevailing in the
supramolecular assembly confer remarkable stability to the interfacial architecture, thus preventing
the release of the enzyme from the surface even with high glucose (ligand) concentrations. This
approach represents a simple and straightforward route to locally address functional glycoproteins

at interfaces. In this context, we consider that the versatility of a supramolecular assembly using
biological interactions could open up new ways of envisioning or to generate new ideas for the

future development of highly efficient bioelectronic platforms.

1. Introduction

In the recent years we have seen increasing interest in the
integration of biomolecular architectures onto electronic
platforms in order to create functional bioelectronic devices.
Among the wide variety of biomolecular building blocks
enzymes are especially important owing to their excellent
functional properties, which include activity, selectivity and
specificity.> Hence, the major activities in this field were
focused on the development of novel interfacial architectures
that could incorporate enzymes and thus transduce biorecogni-
tion or biocatalytic processes in the form of amplifiable
electronic signals. Further development of bioelectronic enzyme
applications requires the construction of protein thin films
through immobilization of active proteins onto solid sub-
strates, such as gold.> The biosensor performance is strongly
dependent on the characteristics of the interfacial architecture
and the quality of the association between the enzyme and the
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electrode surface. As a consequence, the enzymes are generally
immobilized in artificial microenvironments, subjected to inter-
actions different from those found in their natural environ-
ment. Apart from retaining the conformation and biological
activity of the biomolecule, the immobilisation procedure
must guarantee the accessibility of its active site to the target
analyte and other molecules involved in the biorecognition
event. Thus, the choice of the bioelectrode construction technique
may contemplate a wide range of parameters, including enzyme
stability, reproducibility, and kinetic aspects, among others. ">
To achieve this goal different immobilization strategies were
developed in recent years. Most of them include adsorption,
cross-linking with bifunctional chemical reagents, entrapment
in different matrices, electropolymerization, or biotinylated
enzymes, just to name a few examples.?” However, it is well
known that such methodologies can induce conformational
changes in the enzyme, which could be accompanied with a
significant loss of enzymatic activity. For example, when bio-
molecules bind to a substrate through one or two functional
groups located on their periphery and not involved in their
active site, no significant differences exist in using a random or
an oriented immobilization strategy. However, covalent multi-
point attachment is more likely to disrupt the folding and
functionality of the native biomolecule if essential groups are
involved in the binding process.’

Compared with the usually used covalent immobilization or
incorporation into sol-gel derived matrix, recognition directed-
assembly technique represents an interesting and attractive
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alternative due to its simplicity and versatility.* This methodo-
logy is also known as “‘affinity layering” and represents a
robust bioaffinity-based immobilization procedure without
requiring chemical modification steps.* This is applicable to
native proteins and is exclusively based on the different
supramolecular interactions that living systems use to form
molecular complexes. These non-covalent approaches are
based on the remarkable selectivity of the interaction between
the constituting building blocks which in turns leads to fast
and easy immobilization protocols avoiding the deterioration
of the catalytic activity of the enzymes.””’

Another key advantage of this strategy is that immobilizing
a glycoenzyme through its carbohydrate moiety is not likely to
affect its prosthetic site. The carbohydrate region is generally
located in areas that are not involved in enzyme activity, and
therefore it can retain most of their biological function even
when their carbohydrate regions are conjugated or blocked.*®
Concanavalin A (Con A) is one of the lectin proteins found in
jack bean and exists as a tetramer with a molecular mass of
104000 Da at a neutral pH.® Each Con A monomer contains
one calcium ion binding site, one transition metal binding site,
and one carbohydrate binding site (specific to o-D-mannose
and a-D-glucose), also referred to as the combining site.? The
carbohydrate binding site is near the metal binding sites, but
they do not overlap.'® These properties allow Con A to act as a
bioaffinity bridge between a sugar-modified surface and the
glycoprotein. This kind of oriented immobilization provides
good steric accessibility, as the carbohydrate residues are
usually located far away from the active site. Notably, in spite
of the widespread use of bioffinity immobilization in many
biochemistry-related fields,*”’ little is known about its use in
bioelectrochemistry and how its implementation can affect the
performance and functionality of enzymatic bioelectrodes.'' !
More important, to the best of our knowledge no quantitative
study about the bioelectrocatalytic properties of affinity-based
enzymatic electrodes has been reported so far.

In this work, we describe the construction of highly efficient
mono- and multilayered enzymatic bioelectrodes through
recognition-mediated supramolecular processes that closely
resemble the well-known bioaffinity immobilization protocols.
We have chosen glucose oxidase (GOx) as the model glyco-
enzyme for two main reasons: (a) its high affinity to Con A and
accessible sugar groups for binding, and (b) its wide relevance
in diverse technological fields. The results presented here quanti-
tatively reveals that the glycoprotein is efficiently incorporated
on the electrode surface and the whole population remains
fully active in the biosupramolecular assembly. Furthermore,
combined surface plasmon resonance spectroscopy and electro-
chemical studies corroborated that no leaching-out of the
glycoprotein from the electrode takes place at high glucose
concentrations.

2. Experimental
Materials

Canavalia ensiformis Concanavalin A (Con A, jack bean),
cystamine dihydrochoride (Cys), a-D-mannopyranosylphenyl
isothiocyanate (Man), and B-p-glucose were purchased from

Sigma. Glucose oxidase (GOx, Apergillus niger) was obtained
from Calzyme Laboratories, Inc. The molecular mass of the
enzyme (159790 4 798 Da) was determined by MALDI-TOF-MS
analysis following a procedure previously reported.'* The
[Os"(bpy),pyCl]PF, was synthesized as previously described,"
where bpy stands for bipyridine and py for pyridine. All other
reagents were analytical grade.

Construction of self-assembled layers

The construction of molecular assemblies was prepared using
a BK7 glass coated with 2 nm of chromium and 50 nm of gold
by evaporation. The substrate was incubated overnight with a
5 mM ethanolic cystamine dihydrochoride solution. After-
wards, the electrode was rinsed with ethanol and dried with N,
followed by 2 h incubation in a 10 pg mL™' a-p-manno-
pyranosylphenyl isothiocyanate solution in 0.05 M pH 7.4
PBS buffer. Then, the electrode was rinsed with PBS buffer
and immersed for 1 hin a 1 pM ConA solution in PBS buffer
containing CaCl, 0.5 mM and MnCl, 0.5 mM.'® The same
buffer was used to incorporate the GOx to the surface and to
rinse the electrode after a ConA or GOx assembling step. To
immobilize the enzyme on the ConA-modified surface the
electrode was incubated for 1 h in a 1 pM GOx solution.
The modification process was repeated to build up multilayer
assemblies. All steps were carried out at room temperature
(ca. 20 °C).

Surface plasmon resonance (SPR) spectroscopy

SPR detection was carried out in a homemade device using the
Kretschmann configuration. The SPR substrates were BK7
glass slides evaporation-coated with 2 nm of chromium and
50 nm of gold. To estimate the Con A or GOx coverage during
the sequential assembly steps, the SPR signal at different
angles was recorded prior to and after injection of the corres-
ponding protein solution in the liquid cell. This was done to
detect the shift of the minimum angle of reflectance due to
the protein assembly on the surface. The SPR angle shifts
were converted into mass uptakes via the experimentally deter-
mined relationship, I' (nanograms per square millimetre) =
A0O/degrees/0.19. The sensitivity factor was obtained by proce-
dures reported in the literature.!”!

Quartz crystal microbalance with dissipation (QCM-D)

The QCM-D measurements were carried out at 21 °C using a
Q-Sense microbalance (Q-Sense, Goteborg, Sweden). This
instrument allows for a simultaneous measurement of frequency
change (Af) and energy dissipation change (AD) by periodi-
cally switching off the driving power of the oscillation of the
sensor crystal and by recording the decay of the damped
oscillation. The time constant of the decay is inversely propor-
tional to D, and the period of the decaying signal gives f.
Experiments were performed using commercially available
(QSX-301, Q-Sense) gold-coated quartz crystals.

Electrochemical measurements

Cyclic voltammetry experiments were performed with a
pAutolab potentiostat (Echo Chemie) using a three-electrode
cell equipped with an Ag/AgCl reference electrode and
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platinum mesh counter electrode. All electrochemical experi-
ments were carried out at room temperature (ca. 20 °C) in a
Teflon cell designed in a way that exposes to solution a 0.18 cm?
surface of the electrode. Electrochemical experiments were
carried out in a 0.05 M KH,PO4/K,HPO,, 0.1 M NaCl buffer
solution, pH 7.4. In all experiments argon bubbling was used
to remove dissolved oxygen from the measurement solutions
for at least 30 min before using and for 10 min between
successive measurements.

3. Results and discussion

3.1 Recognition-mediated assembly of concanvalin A and
glucose oxidase onto gold electrodes

The first step, prior to creating the enzyme glycoassembly, is
the immobilization of a Con A monolayer on the electrode
surface. Diverse strategies have been reported on the develop-
ment and optimization of Con A attachment chemistry.'
Even though the main aim of these approaches has been the
creation of affinity-based assemblies, most of them rely on the
covalent anchoring of the very first Con A layer.?® Typically,
this is performed by reacting surface-bound active groups
and peripheral lysine groups in the protein. However, in spite
of the robustness of this approach, the multi-site chemical
modification of the protein could affect its molecular recogni-
tion properties.

On the other hand, the binding of proteins to monovalent
carbohydrate moieties is often weak,?! yet the presence of
multivalent interactions can result in the formation of numerous
simultaneous complexation events that proceed to afford high
affinity. It is well known that carbohydrates immobilized on a
surface are presented multivalently?® and, as such, the lectin
binding to a multivalent array is more avid and of higher
specificity than the interactions of the monovalent counter-
parts.?*>* This enhanced bioaffinity facilitates the construction
of stable Con A monolayer assemblies onto the gold electrodes
by simply engineering their surfaces with carbohydrate
moieties.>> >’ To achieve this goal we proceeded to func-
tionalize gold electrodes with mannose groups by following
the procedure described by Willner and co-workers.?® Gold
surfaces were treated with an ethanolic solution of cystamine.
The resulting self-assembled cystamine monolayer-modified
electrodes were then modified with isothiocyanatophenyl
a-D-mannopyranoside in phosphate buffer (pH = 7.4), to yield
the thiourea-monosaccharide monolayer-modified electrodes of
phenyl a-D-mannopyranoside (Fig. 1).

Then, we proceeded to the formation of the glycoassemblies
on the gold surfaces. This step was monitored by the combined
use of quartz crystal microbalance (QCM) and surface plasmon
resonance spectroscopy (SPR) techniques. Fig. 2a depicts
changes in frequency if a mannosylated gold-coated sensor is
in contact with a 1 uM Con A in PBS buffer solution. The
initial exposure to the Con A solution leads to a rapid decrease
in frequency followed by slight steady decrease before reaching
the final plateau. These frequency changes can be translated
into mass coverage in accordance to the Sauerbrey equation:>
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Fig. 1 Scheme describing the recognition-directed assembly of con-
canavalin A onto the mannosylated gold electrode (a, b) followed
by the biosupramolecular immobilization of glucose oxidase onto
the Con A-terminated surface (c). Also shown is the chemical structure
of the mannose linker coupled to the cystamine self-assembled
monolayer.

where n is the overtone number, and C is the mass sensiti-
vity constant. In our experimental setup, C corresponds to
17.7 ng Hz~' em™2, and we have used different overtones for
estimating the mass of the immobilized proteins. Accordingly, the
mass uptake associated with the rapid f* decrease resulted in
253 ng cm ™2 The protein immobilization led to the deposition
of 734 ng cm ™2 during the first 60 s of conjugation. Then, the
mass steadily increased until reaching a plateau corresponding to
1038 ng cm™2. On the other hand, the dissipation (AD) slowly
increased during the conjugation of Con A. The increase in
energy dissipation is due to the nonrigid structure of the protein
film conjugated on the gold-coated quartz crystal. The D factor is
defined as the ratio between the energy dissipated per cycle of
oscillation and the total energy stored in the oscillating system,
that is, sensor surface + film. During recent years, there has been
an increasing effort on understanding and relating dissipative
losses (changes in D) to physical processes (interfacial and/or
internal friction) occurring at the biomolecular layer. If the
immobilized film is rigidly anchored, implying no changes in
the coupling between the sensor and liquid environment, no
changes of the energy dissipation are detected. On the other
hand, D may suffer significant changes if the deposited film is not
rigidly attached to the oscillating sensor surface. In other words, a
soft film attached to the quartz crystal is deformed during the
oscillation, which gives a high dissipation, while as a rigid material
it gives a low dissipation.*® In the case of the Con A immobilized
on the mannosylated surface, changes in D are reflecting struc-
tural changes in the film layer upon immobilization.

In order to precisely define the mass of Con A firmly
anchored on the gold-coated crystal®! we rinsed the sensor
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with buffer after reaching the late stages of the conjugation.
Slight but detectable changes in frequency and dissipation
during buffer rinsing corroborate the presence of some Con A
molecules nonspecifically adsorbed on the bioconjugate. The
estimated mass of Con A conjugated on the mannosylated
surface was 890 ng cm 2.

Then, the buffer solution was replaced by GOx solution
(1 uM in PBS) which was acting as a biorecognizable building
block to be assembled on the Con A layer. In close resemblance
to that observed in the conjugation of Con A, the recognition-
mediated assembly of GOx displayed a sharp decrease in
frequency reaching a plateau after 50-60 min. Similarly,
dissipation displayed a pronounced increase during the glyco-
enzyme assembly and remained almost constant during the
entire immobilization process. The increase in energy dissipa-
tion can be ascribed to the nonrigid layered structure of
the Con A-GOx assembly. Rinsing with buffer did not
evidence any significant change in frequency and a slight but
appreciable decrease in dissipation. This clearly indicates
that the GOx layer that the QCM-D senses is firmly conju-
gated to the Con A and no unbound glycoenzyme is present
at the interface. The estimated mass of GOx assembled on
the Con A monolayer was 366 ng cm 2. On the other hand, the
decreasing D indicates that the film is changing its visco-
elastic properties from a soft state to a more rigid one.
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Fig. 2 Quartz crystal microbalance response on (a) frequency and
(b) dissipation at the overtone number n = 3 (15 MHz) when
the concanavalin A—glucose oxidase supramolecular architecture is
built-up onto the mannosylated gold-coated quartz crystal through a
recognition-directed assembly process.

These changes in dissipation could be attributed to reorgani-
zation or conformational changes of the GOx layer resulting
in a more compact layer. Similar dissipation behaviour
has been recently observed in multilayered supramolecular
assemblies.*

It is worthwhile to mention here that strictly speaking the
Sauerbrey equation (eqn (1)) is valid only for uniform rigid
films with material properties indistinguishable from those of
the crystal resonator. Obviously, this is not the case of soft
matter-based architectures attached to the resonator in a
liquid environment. Even if the layer is firmly attached, the
retained water is not strictly “fixed” to the film. However, in
some cases dealing with soft matter the mechanical properties
of the film resembles those of a rigid layer in the sense of the
Sauerbrey equation. Recently, Notley et al. reported that the
parameter Af/n in the growth of polyelectrolyte multilayers is
independent of frequency throughout the assembly, indicating
that the film is rigid enough to use the Sauerbrey equation as a
first approximation.®® In our case, we also observed that
during the recognition-driven assembly the normalized para-
meter Af/n remained independent of the frequency or the
overtone number (not shown).

Thereafter, we estimated the mass coverages of Con A
and GOx subsequently assembled on the mannosylated gold
surface by monitoring the immobilization process using
surface plasmon resonance spectroscopy (Fig. 3). Surface
plasmon resonance measurements of the manosylated gold
surface prior to and after Con A assembly evidenced a well-
defined shift in the minimum of the angular 0-scans of reflected
intensity. This A0 is related to a mass uptake of 185 ng cm™>
that corresponds to a surface coverage of 1.8 x 10~'? mol cm 2.
This value is in good agreement with spectrophotometric
measurements on Con A immobilized on quartz crystal by
Anzai er al. who estimated 1.6 x 1072 mol cm 2 for Con A
monolayer coverage.>* In a similar vein, the assembly of GOx
on the Con A monolayer led to a glycoenzyme mass coverage
of 184 ng cm™2, ie.: 1.15 x 1072 mol ecm ™.

The differences in mass uptakes estimated by QCM
(Amgcem) and SPR (Amgpgr) arises from the fact that QCM-D
response is extremely sensitive not only to the mass coupled to
the quartz crystal surface but also to the viscoelastic properties
and density of the film.?’ In our case, the film is constituted by
Con A molecules conjugated to the mannosylated sensor
surface in an aqueous solution. As a consequence, a fraction
of solvent is trapped between the adsorbed biomolecules.
More important, this retained water is not strictly “fixed” to
the film if we consider that it does not behave as the liquid
layer above the film. In other words, the QCM detects the
solvent that is hydrodynamically coupled to the supramolecular
assembly.® In contrast, the SPR response that originated from
refractive index changes as water is replaced by biomolecules,
is mostly proportional to the masses of the adsorbed bio-
molecules. QCM response is not quantitative in the same respect
as SPR, since the latter gives a response being proportional to
the molecular weight of the adsorbed biomolecules.'”’
Hence, the combination of SPR and QCM-D data provides
useful information about the structural properties of the
adsorbed films, including the water content or ‘“‘trapped”
water by simply taking the difference between Amgcem and
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Fig. 3 Reflectivity curves as a function of the angle-of-incidence scan
(0). The plot describes the different reflectivity curves obtained from:
(1) mannosylated gold surface, (2) Con A-modified gold surface and
(3) GOx-Con A-modified gold surface.

Amgpr.® Previous SPR-QCM comparative studies performed
on supported phospholid bilayers, compact streptavidin layers
or DNA duplexes indicated that the percentage of water
coupled to these films was 25, 55 and 90%, respectively.*®*°
In our case, 80% of the mass sensed by the QCM-D during the
Con A conjugation corresponded to water viscoelastically
coupled to the protein film, thus evidencing that the assembly
of the lectin led to the formation of water-rich films. In a
similar vein, the QCM data of the recognition-mediated
assembly of GOx indicated that ~50% of the microgravi-
metrically sensed mass corresponded to “trapped water”.

3.2 Electrocatalytic activity of GOx monolayers
supramolecularly assembled on Con A-modified gold electrodes

Once the glycoenzyme is physically confined on the electrode
surface, the oxidoreductase (biocatalytic) reaction is translated
into an electrode process via the electron transfer mediation of
an electron acceptor (donor) of the enzyme in an oxidation
(reduction) reaction. The electron acceptor is reduced by the
enzymatic reaction, and the reduced form returns to the
oxidized form using the electrode as a final electron acceptor.
This electron acceptor (donor)-mediated enzyme-electrochemical
oxidation (reduction) of a substrate is the basis of the bio-
electrocatalysis and one of the fundamental principles of
“bioelectronics” with immediate implications in the design
and development of biosensors that are now in practical use
for measuring blood glucose and for fundamental studies of
biofuel cells.*

In this context, cyclic voltammetry represents an excellent
tool for studying the bioelectrocatalytic properties of the
supramolecular assemblies of glucose oxidase formed on the
Con A-modified Au electrodes. The working electrode poten-
tial is scanned in the anodic direction to generate the oxidized
form of the redox mediator, which in turns triggers the
catalytic process giving rise to a bioelectrochemical faradaic
current.

To be more precise, the (bio)chemical process involved in
the redox-assisted GOx-mediated electrochemical oxidation of
glucose consists of the following sequence of reactions:*!

R=20+ ¢ D

k
GOx(FAD) + G = GOx(FADG) (11)
k-1

GOx(FADG) % GOx(FADH,) + GL  (III)

GOx(FADH,) + 20 % GOx(FAD) + 2R + 2H*  (IV)

R and O are the reduced ([Os"(bpy)pyCl]") and oxidized
([0s"(bpy)opy]**) forms of the mediator, respectively
(E'? = 024 V vs. Ag/AgCl). At pH 7.4, FADH, is the
reduced form of the flavin prostethic group of the GOx whilst
FAD corresponds to the oxidized form. FADG is the enzyme-
substrate complex, G is the B-p-glucose, and GL is the glucono-
o-lactone. In the cyclic voltammetric measurements the
electrolyte solution is solely constituted of [Os"™(bpy),pyCl] "
and glucose buffered at pH 7.4.

Typical voltammograms evidencing the catalytic activity of
GOx monolayers assembled on Con A-modified electrodes are
reproduced in Fig. 4.

We will describe the bioelectrochemical process occurring in
the supramolecular architecture using the formalism developed
by Saveant and co-workers which has previously been used to
estimate the rate constants of electrocatalytic processes involving
the use of glucose oxidase.*>** A central aspect of the Saveant
formalism is the use of the voltammetric response to elucidate
the enzymatic activity and, hence, estimate the characteristic
rate constants of the catalytic process. These authors derived
an expression relating the current increase of the enzyme-
catalyzed reaction (j.,) to diverse experimental parameters:

1 1 1
et 2FTGoyks (Co),
(2)

1 1 1
2 FTgor <k7 e cg)

(Co)o 1is the concentration corresponding to O, ie.:
([0s™(bpy)opy]* ", at the electrode surface, C% is the glucose
concentration, I'gox is the total surface concentration of
catalytically active enzyme assembled on the electrode and
kiea = kiks/(k_1+ks). jear can be derived from the experi-
mental data by simply subtracting the voltammetric curve in
the absence of glucose to that obtained in its presence.

It becomes clear that at each glucose concentration,
a straight line should be obtained upon plotting 1/jc.,
against 1/(Cp)p. In the Saveant formalism this representation
is denominated “primary plot” and is easily obtained from
the voltammetric data in a straightforward manner without
requiring a series of experiments varying the mediator con-
centration in the solution.*! Primary plots obtained at satura-
tion coverage of GOx assembled on the Con A-modified Au
electrode and at several concentrations of glucose are displayed
in Fig. 5. It can be clearly seen that they are satisfactorily
linear and parallel as predicted from eqn (2). SPR measure-
ments indicated that T'gox was 1.15 x 107! mol em 2
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Fig. 4 Cyclic voltammograms describing the bioelectrocatalysis of
glucose oxidation occurring at the (Con A);(GOx);-modified gold
electrode prepared by the bioaffinity technique. The experiments were
performed using [Os"(bpy),pyCI] ™ (0.1 mM) as mediator in different
concentrations of glucose (phosphate buffer, pH 7.4). T = 298 K,
v = 5 mV s ' (b) Bioelectrocatalytic currents measured on
(Con A);(GOx); assemblies as a function of substrate concentration.
Mediator: 0.1 mM [Os"(bpy)-pyCl] . T = 298 K.

=184 ng cm™?); so, the value of k5 can be estimated directly

from the slopes of the linear primary plots. In our experimental
scenario the estimated ks (Os"(bpy),pyCl* as co-substrate)
corresponded to 8.2 x 10° M ! s~!. This value is in very good
agreement with those reported by Campas i Homs who
estimated the electron transfer rate between GOx and different
Os(bpy),py-related mediators under similar pH conditions.*®
In these cases, the eclectron transfer rate constants achieved
with osmium mediators having different redox potentials,
from 0.175 to 0.65 V (vs. Ag/AgCl), varied from 0.68 x 10°
to 1.81 x 10° M ™' s™'. Similar values were previously obtained
by Danilowicz et al. using Os"(bpy),(pyX)Cl* complexes
constituted of pyridine derivatives bearing different func-
tional groups (X = COOH, CHO).*® Later on, Flexer and
co-workers also reported k; values corresponding to 3.8 X
10° M~" s7! for the reoxidation of GOx (FADH,) in the
presence of Os(bpy).(py)CHOCI at pH 7.7

The ““secondary plot” may then be derived by plotting the
intercepts of the primary plots against 1/C%. Using eqn (2) kyeq
and k, can be derived from the slope and intercept of the
secondary plot, respectively (Fig. 5b). In our case, kg and k-
values corresponded to 1.2 x 10* M~ s7' and 508 s,
respectively. It is worthwhile mentioning that all these kinetic
constants are in good agreement with those determined in
homogeneous solution (see above and Table 1). This fact
clearly evidences that the catalytic behaviour of the surface-
confined supramolecularly assembled GOx monolayer closely
resembles the one that is observed in solution. Or, in other
words, we can infer that the GOx monolayer confined on
the Au electrode surface via a recognition-directed assembly
process retains to a great extent its catalytic activity.

3.3 Layer-by-layer concanavalin A-glucose oxidase assemblies
on gold electrodes: Nanoconstruction of multilayered
bioelectronic interfaces via biomolecular recognition

Much of the inspiration to construct interfacial architectures
arises from the versatility of noncovalent interactions to
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Fig. 5 (Con A);(GOx);-modified gold electrode. (a) Primary plots
obtained for different glucose concentrations: (A) 5 mM (B) 10 mM
(C) 25 mM (D) 50 mM. I'gox = 1.15 pmol cm 2. (b) Secondary plot
derived from the intercepts of the primary plots in (a). See text for
details.
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Table 1 Rate constants corresponding to the glucose oxidation reaction catalyzed by glucose oxidase (GOx) molecules supramolecularly

immobilized on gold electrodes and in homogeneous solution

Supramolecularly immobilized

Rate constant GOx (this work)

GOx in homogeneous
solution (from the literature)

kyM™'s™h (8.2 £1.7) x 10°
ky (s™") 508 + 82
krea M7's71) (1.2 £0.2) x 10*

(2.2 £0.2) x 10>
680 + 1007
(1.1 £0.2) x 10%

“ Data obtained from ref. 48 using [Os"(bpy)pyCOOH] " as mediator (pH 7). ® Data taken from ref. 49 using ferrocene methanol as mediator (pH 8).

assemble diverse functional building blocks.”® In particular,
specific ligand-receptor interactions have proven very efficient
in creating a wide variety of functional assemblies constituted of
all-protein thin films.>' Along these lines, the nanoconstruction
of enzyme-containing multilayered thin films resulted particu-
larly attractive owing to the precise control over the loading of
the enzyme and the topological characteristics of the muti-
enzyme film. For example, biological affinity, such as antibody-
antigen and avidin—biotin, has been exploited to build-up
multilayered assemblies of antibody-GOx conjugate and
anti-GOx antibody on electrode surfaces.*! Similarly, biotin-
labeled enzymes and avidin were assembled alternately and
repeatedly on the electrode surface to construct multilayer-
modified biosensors.**** In this context, the lectin—sugar system
provides another tool for constructing (glyco)enzyme multilayer
films and, as qualitatively demonstrated by Anzai and coworkers,
also enables the formation of ordered multilayered assemblies
constituted of the lectin Con A and the glycoenzyme GOx.>
In this section we will describe in quantitative terms the
electrocatalytic functional properties of multilayered Con
A-GOx assemblies.

To estimate the surface coverage of the proteins incorporated
into the interfacial architecture upon the sequential recognition-
directed assembly of Con A and GOx, the multilayer growth on
the mannosylated gold electrode was characterized by SPR.3"->
Fig. 6 shows the different reflectivity curves obtained during the
layer-by-layer growth of GOx mediated by the Con A bio-
recognition. SPR response originates from refractive index
changes as water is replaced by the biomolecules and the shifts
in the minimum of the angular scans of reflected intensity (A6)
permits to monitor the sequential assembly of the different
biomolecular building blocks onto the interfacial architecture.
These reflectivity shifts can also be correlated to mass coverage.
In our case, from the corresponding angular variations we
estimated the I'co, Ao and I'gox values listed in Table 2.

Once having corroborated the successful multilayered
growth of Con A-GOx assemblies we studied their electro-
catalytic behaviour in the presence of the enzyme susbtrate.
Their voltammetric response eloquently illustrates the respon-
siveness of the GOx-containing supramolecular assembly to
the presence of the glucose in the surroundings of the electrode
surface (Fig. 7a). To better describe the influence of the GOx
overlayers on the electrocatalytic activity of the assembly we
have plotted the increase of the current density developed
through the electrochemical interface upon increasing the
number of GOx monolayers supramolecularly assembled on
the electrode surface (Fig. 7b). As expected, the glucose
sensitivity of the interfacial assemblies is proportional to the
amount of immobilized enzyme.

N o o
EN o o

Reflectivity, R

©
[\

o
o
T
1

1 1 1 1 1
48 50 52 54 56 58 60
0 /deg

Fig. 6 Reflected intensity as a function of the angle-of-incidence scan
(0) plot describing the supramolecular assembly of the multilayered
Con A-GOx structure on the Au electrode. The reflectivity shifts are
evidencing the sequential assembly of the different biomolecular
building blocks into the interfacial architecture. The different reflec-
tivity curves correspond to: (1) mannosylated Au surface, (2) Con A,
(3) (Con A)GOx), (4) (Con A)(GOx), (5) (Con A),(GOx),, (6)
(Con A);(GOx),, (7) (Con A);3;(GOx);.

Furthermore, this experimental result suggests the absence
of steric hindrance to the transport of substrate and mediator
species into the inner environment of the supramolecular
architecture.’® As previously described, combined QCM and
SPR indicates that the biomolecular assembly contains a large
amount solvent, thus reinforcing the idea of a scenario in
which glucose and [Os"(bpy),pyCl]* freely diffuse into the
all-protein film. So far, we have demonstrated that the first
GOx monolayer is fully active and the glucose responsiveness
is proportional to the number of GOx monolayers. If we
consider the importance of the enzymatic activity in the overall
performance of the supramolecular assembly, one key question
comes into light: Are the rest of the supramolecularly assembled
GOx monolayers fully active as the first one?

To answer this question we represented the bioelectro-
catalytic current density as a function of the actual amount
of GOx incorporated onto the electrode surface, as determined
by SPR. Considering that j.,, solely depends on the coverage
of the active interacting enzymes and assuming that the
interfacial architecture has no influence on the enzyme activity
or the transport of substrate or mediator species, we can infer
that the bioelectrocatalytic current developed through the
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Table 2 Surface coverages of concanavalin A (Con A) and glucose oxidase (GOx) as determined by surface plasmon resonance (SPR)

spectroscopy

2

Assembly (Con A),(GOx), Tona X 10%/mol cm™

ISox X 10"2/mol cm ™2

2 2

F(T;O,]A X 1012/mol cm— FEOX X 1012/mol cm—

1.88 1.15
3.37 2.06
4.81 2.88

Superindexes n and T denotes the protein incorporated in the n layer and the total amount of protein assembled on the electrode surface,

n=1 1.88 1.15
n=2 1.49 0.91
n=73 1.44 0.82
respectively.
50 ] ) ] ] L)
(@) (ConA),(GOx),
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30 (ConA),(GOx),
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e
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Fig. 7 (a) Voltammetric response of multilayered GOX-modified
electrodes prepared by the molecular-recognition assembly technique
in the presence of 50 mM glucose, with [Os"(bpy),pyCl]* (0.1 mM)
as mediator, in phosphate buffer (pH 7.4). Temperature: 298 K,
v = 5mV s . (b) Catalytic response of GOx-containing biosupra-
molecular electrodes as a function of the number of GOx layers in the
presence of increasing amounts of substrate: (A) (Con A);(GOx);, (@)
(Con A)(GOx), and (M)(Con A)y(GOx)s. [Os"(bpy)opyCl'] =
0.lmM,v =35mVs ' T=298K.

assembly is directly correlated to I'gox. Or, in few words,
increasing n times I'gox Wwill impact on an n-fold increase in
bioelectrocatalytic current.

This correlation is illustrated in Fig. 8 together with a linear
regression line passing through the origin. The excellent linear
behaviour of the correlated experimental values strongly

suggests that, in fact, all the enzyme molecules incorporated
in the bioelectrode participate in the electrocatalytic process
and are responsible for amplifying the electron transfer across
the interfacial architecture.

In the case of these supramolecularly assembled GOx archi-
tecture, under substrate saturation conditions, the electrode
produced 15.7 pA per picomole of enzyme.

In view of the rapidly growing interest of the scientific
community in mastering the formation biosupramolecular
assemblies, a non-negliglible aspect of these interfacial architec-
tures that deserves further discussion is their stability. One of
the remarkable advantages of exploiting carbohydrate—lectin
interactions for immobilizing glycoproteins is the intrinsic
ability to manipulate and create bioassemblies including
hormones, antibodies or enzymes, without affecting their bio-
logical activity.*® In most of cases the carbohydrate region is
located in areas that are not involved in the glycoprotein
activity and, as such, this methodology could open up new
possibilities in supramolecular design. However, it is often
claimed that a serious disadvantage of this approach is the
typical reversibility of lectin—carbohydrate interactions.>>>°
Regarding to molecular design of bioelectrode surfaces, the
binding reversibility would attempt against the stable anchoring
of the glycoprotein®” and, as a consequence, biosupramolecular

50 T T T T T T
40 - / -
/
< ,/
£ 30 v .
2 /
< v/
= /
5 207 » I
8 P
/
10 1 / -
/
/
0 ) 1 L ) ) L

00 05 10 15 20 25 3.0 35

[, x 10 (mol/cm?)

Fig. 8 Representation of the bioelectrocatalytic current density (jeac)
as a function of the total amount of glucose oxidase supramolecularly
assembled on the electrode surface (I'goy), as determined by surface
plasmon resonance spectrocopy. The dashed trace corresponds to the
regression line. The linear regression model was forced to pass through
the origin by setting the intercept parameter to zero and estimating
only the slope parameter: 15.7 pA pmol~'.
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enzyme electrodes would not remain stable over time. In fact,
extensive work by Anzai and co-workers has demonstrated
that the structural stability of sugar—lectin assemblies consti-
tuted of glycogen and Con A can be strongly affected by the
presence of free ligand in solution, i.e.: mannose or glucose.>®

It is commonly argued that monosaccharide—lectin inter-
actions are relatively weak (in the millimolar range), and may
show relaxed or broad recognition specificity because they
generally bind to a group of related saccharide structures.*
For example, concanavalin A affinity to methyl a-p-manno-
pyranoside is only 4-fold-higher than to a-p-glucopyranoside.?!
In our case, we are dealing with supramolecular assemblies
constituted of GOx and Con A held together by lectin—
carbohydrate interactions in which the enzyme substrate,
i.e.: glucose, could operate as a specific ligand to Con A. At
first sight, this fact would imply that the bioassembly is
intrinsically unstable or spontaneously dismantled in the
presence of glucose. In principle, cyclic voltammetry results
discussed above suggest that the interfacial architecture is
stable during the electrochemical runs; however, with the aim
of corroborating the stability of the bioassembly, we monitored
the protein coverage after placing the (Con A)3;(GOx);-modified
electrode surface in contact with glucose solution. Fig. 9
displays the SPR sensorgram describing the incubation experi-
ment corresponding to the (Con A);(GOx); assembly in 0.1 M
glucose (in PBS buffer, pH 7.4). If the reflected intensity at a
fixed angle of observation is monitored as a function of time,
kinetic information about any changes of the interfacial
architecture induced by the presence of glucose could be
monitored and analyzed. Even though, it is worthwhile indi-
cating that the reflectivity increase sensed after replacing the
buffer by the concentrated glucose solution should be attri-
buted to sharp changes in the optical properties of the liquid
medium® and not to surface processes occurring on the
electrode interface. The kinetic scan reveals that after incubating
the (Con A)3(GOx); assembly for a period of 30 min in a
concentrated ligand solution and thoroughly rinsing the liquid
cell with buffer, only slight reflectivity changes are detected.
Moreover, the stable baseline obtained in buffer after rinsing
the assembly clearly corroborates the robust immobilization
of the interfacial architecture via lectin—carbohydrate inter-
actions. To quantify these minor changes we compared the
recorded angular scans of the (Con A);(GOx);-modified
surfaces prior to and after the incubation in 0.1 M glucose.
Considering that the total mass coverage of the Con A-GOx
conjugated on the electrode is 960 ng cm ™2, from the reflec-
tivity changes of the (Con A);(GOx);—Au/electrolyte buffer
interface we can conclude that only a negligible fraction of the
all-protein film (~20 ng cm™?) is removed from the assembly
due to the presence of free ligand in solution. Furthermore,
assuming that the protein loss is exclusively due to the removal
of GOx from the outer layer, the shifts in the minimum of the
angular scans of reflected intensity would indicate that
I'Soxvaried from 2.88 x 107! to 2.75 x 1072 mol em ™2 ,
i.e.. 5% decrease, due to the interaction with glucose in
solution. In close resemblance, electrochemical experiments
on (Con A);3;(GOx); assemblies performed under similar incu-
bation conditions (Fig. 10) also revealed a slight decrease in
the catalytic currents from 43.9 to 43.1 pA cm™> ie.: 2%

decrease. This experimental information supports the asseveration
that the Con A-GOx interfacial architecture remains stable even in
the presence of competitive ligand binding. More important, the
competitive binding with free ligands in solution should not be
solely ascribed to the interaction with the outer protein layers;
electrocatalytic measurements confirmed that glucose is freely
interacting with the glycoenzyme along the entire protein film.

If we consider that the construction of our interfacial
assembly is mediated by the recognition properties of Con A,°!
which is widely recognized to exhibit weak affinity and broad
specificity for the individual ligands, then the remaining
question is: Why do we observe remarkable film stability in
the presence of concentrated ligand solutions? To address this
question we need to refer to the prevailing multivalent inter-
actions that govern the stability of the molecular assembly.
Biology has furnished many interesting examples of proteins
self-assembling into superstructures wherein the complexes
gain or enhance functions with respect to those of the indivi-
dual components.®> Multivalent interactions are especially
prevalent in glycobiology®® where high specificity and high

(a)
Glucose

Buffer g 100 mM e Buffer

Reflectivity, R
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Reflectivity, R
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Fig. 9 (a) SPR kinetics describing the incubation of a (Con A);(GOx);-
modified electrode in 0.1 M glucose followed by extensive rinsing with
phosphate buffer (50 mM, pH 7.4). (b) Angular reflectivity scans
corresponding to the (Con A);(GOx)s;-modified electrode prior to
(@) and after (@) incubation in 100 mM glucose. In both cases the
angular scans were taken in phosphate buffer solution.
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Fig. 10 Cyclic voltammograms describing the bioelectrocatalytic
activity of (Con A);(GOx);-modified Au electrodes in the presence
of 100 mM glucose (substrate) + 0.1 mM Os'(bpy),pyCl™* (mediator).
The different traces correspond to the voltammetric responses
measured prior to (@) and after (@) incubation in 100 mM glucose
during 30 min. v = 5mV s~ T = 298 K.

avidity interactions take place between multimeric lectins and
their carbohydrate ligands. More important, this phenomenon
occurs in spite of typical low affinity provided by the well-
known monovalent carbohydrate—lectin interaction.®* Multi-
valency is a recurrent strategy exploited by microorganisms to
remain attached to host cells. For example, Escherichia coli use
the FimH adhesin located on the tips of its type 1 pili to bind
to mannose groups present on the surface of bladder epithelial
cells.%® Repeated units of ligands and receptors located on
opposing surfaces can act cooperatively to enhance their
functional affinity and specificity. It has been demonstrated
that this can be achieved through ligand multivalency, extended
binding regions capable of interaction with more than one
single ligand, or clustering of several identical binding sites by
formation of protein assemblies. An illustrative example of
multivalent enhancement is the case of synthetic polymers
carrying multiple mannose residues which exhibited 10°-fold
higher affinity for Con A than methyl a-mannoside.®® On the
other hand, ligand multivalency also affects the specificity of
lectin—carbohydrate interactions. Kiessling et al. reported that
whereas concanavalin A binds methyl a-mannose with a 4-fold
higher affinity than methyl o-glucose, it discriminates between
polyvalent analogues to the corresponding monosaccarides
with an up to 160-difference in affinity.®®

In our case, the sequential protein immobilization is reversing
the affinity character of the exposed surface. In close analogy
to polyelectrolyte multilayers,®” where each polyion is respon-
sible for the reversal of the surface charge, the multivalent
character of the biomolecular building blocks is responsible
for reversing the ligand-receptor characteristics of the electrode
surface. Con A-terminated films exhibit carbohydrate-binding
properties, whilst GOx-terminated surfaces display lectin-binding
characteristics, thus mimicking the presentation of carbohydrates
on the cell surface.* In both cases, the biorecognizable proteins
(Con A or GOx) assembling from solution interact with
surface-confined clusters of their ligand-receptor counterparts.

This important aspect determines not only the multivalent
character of the interfacial assembly but their strong and
specific bioaffinity interactions that hold the biosupra-
molecular architecture together in the presence of concentrated
glucose solutions. The critical role of surface ligand clustering
on the specificity of lectins was demonstrated by Kahne and
co-workers in a series of experiments using a solid-phase
carbohydrate library.®® The library, which contained approxi-
mately 1300 related di- and trisacharides attached to beads, so
that each bead contained clusters of a single carbohydrate
species, was screened against Baunhinia purpurea lectin. These
authors found two ligands that bind more tightly to the lectin
than N-acetyllactosamine (the known ligand). Noteworthy, in
solution, these derivatives showed no higher affinity to the
lectin than N-acetyllactosamine.®® Therefore, the amplified affi-
nity and specificity of the lectin to the beads containing the two
derivatives appear to result from their polyvalent presentation
on the bead surface. Hence, referring back to the Con A-GOx
architectures, we can infer that the formation of biorecognizable
protein assemblies that act as “ligand clusters” on the electrode
surface introduce multivalency effects that confer additional
stability to the system. As such, even though carbohydrate—
lectin interactions are weak, the presence of multivalent
interactions explains the robustness of the biosupramolecular
assembly in the presence of free ligand in solution.

Conclusions

In this work, we have described a strategy to build-up func-
tional biomolecular platforms suitable for creating bioelectronic
interfacial architectures. This approach was based on the use
of concanavalin A as a building block for addressing the
immobilization of glucose oxidase via a recognition-directed
supramolecular assembly process. These biomolecular entities
were assembled onto mannosylated gold electrodes through
carbohydrate—lectin biological interactions. Combined SPR
and QCM studies indicated that the protein assembly leads
to the formation of solvent-rich films, in which 80% of the
mass sensed by QCM-D corresponded to water viscoelastically
coupled to the surface-confined protein conjugate. These Con
A-GOx architectures were successfully used for mediating
the oxidation of glucose in the presence of a reversible one-
electron redox couple, [Os™(bpy).pyCl]". By using the Saveant
formalism, cyclic voltammetry and SPR-derived informa-
tion enabled the detailed kinetic characterization of the
GOx-containing assemblies. These studies revealed that the
dynamics of their catalytic activity toward glucose oxidation is
comparable to that reported for experiments performed in
solution. This indicates that, even though the interfacial
assembly resembles a complex supramolecular system, the
electron transfer between the electrode and the prosthetic
groups of the enzymatic system by means of [Os"(bpy),pyCl]
is not hindered and the recognition-directed immobilization
process enables the formation of a fully active GOx monolayer.

Then, the method was extended to the alternate step-by-step
assembly of Con A and GOx monolayers onto the manno-
sylated gold electrode. The lectin was used as a linker to hold
together two glycoenzyme monolayers via
carbohydrate—lectin interactions, leading to the formation of

successive
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the self-assembling molecular constructions using the specific
interaction of the glycosyl groups with Con A. These supra-
molecular GOx-containing structures gave rise, in the presence
of glucose and [Os"(bpy),pyCl]", to large catalytic plateau
currents, as determined by cyclic voltammetry. The systematic
analysis of these data as a function of SPR-derived GOx
coverage demonstrated that the recognition-directed construc-
tion of the protein assembly preserves the activity of the
enzymatic building blocks and the whole population of GOx
incorporated within the assembly participates in the glucose
oxidation leading to the bioelectronic readout. This means that
the complexity of the supramolecular assembly does not affect
the [Os™(bpy),pyCl] " -mediated connectivity and access of sub-
strate and co-substrate to the prosthetic groups of GOX in the
bioconjugate layer. The same can be said to for the access to the
metal surface, i.e.: the interfacial architecture has no influence on
the enzyme activity and the transport of substrate or mediator
species. Finally, we have demonstrated that relatively weak
biological interactions between the constituting building blocks
also provide a pathway to create stable supramolecular enzyme
electrodes. In this case, the biorecognizable Con A- or GOx-
terminated assemblies can act as ‘“ligand clusters” on the
electrode surface and, as a result, marked multivalency effects
promote an enhancement of the affinity and specificity of
the Con A-glycoenzyme interactions. As such, even though
carbohydrate-lectin interactions are weak, the presence of
multivalency effects explains the robustness of the biosupra-
molecular assembly in the presence of concentrated glucose
(ligand) solutions.

These results using bio-supramolecular architectures demon-
strate the potential of spontaneous recognition-driven assembly
as a facile strategy to create highly functional interfaces in
which the inherent biological features of the building blocks
remain unaltered. This approach would enable to locally
address bioactive functional units within the supramolecular
assembly with molecular precision, representing a crucial
feature for the molecular design of biosensing platforms. We
consider that this strategy exploiting weak noncovalent inter-
actions in self-organizing biosystems could provide new
tools for the facile design of 3D interfacial nanoarchitectures
achieving directional electron transport or translating specific
chemical events into measurable electronic signals.
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